ABSTRACT In this paper, the problem of adaptive tracking control for a class of uncertain switched nonlinear systems is studied. The uncertain nonlinear functions in the system model are approximated using radial basis function neural network, and the unmeasured states under asynchronous switching and actuator faults are estimated by designing a time-schedule state observer. Further, adaptive laws subject to delta function are designed to make adaptive parameters continuous during persistent switching. It is proved that under asynchronous switching, the closed-loop system is stable with tracking error converging to a small neighborhood of origin. Finally, an example of a continuous stirred tank reactor is studied to verify the effectiveness of the approach proposed in this paper.
I. INTRODUCTION
In the last decades, nonlinear control methodology has become a well-established research area. For example, based on the inherent approximation capability of Fuzzy Logic Systems (FLSs) or Radial Basis Function Neural Network (RBFNN), adaptive backstepping technique has become one of the popular methods for uncertain nonlinear systems, see [1] - [7] and the references therein. Subsequently, by utilizing adaptive backstepping mechanisms, many problems for uncertain nonlinear systems have been studied, such as stability and stabilization [8] , [9] , observer design [10] , [11] , fault tolerant control [12] , [13] etc. Note that explosion of complexity issues in the design processes of backstepping-based adaptive techniques is evident. Two methods have been presented to deal with these problems. One method is dynamic surface control (DSC) method [14] , though the DSC method can avoid the explosion of complexity, it may cause filter error. Another method is command filter approach [15] , which can solve the problem of explosion of complexity and eliminate the error caused by command filter. Adaptive control for nonlinear systems with the aid of dynamic surface control is investigated in [16] and [17] . In [18] , command filter based adaptive fuzzy control is proposed for strict-feedback systems with unmeasured states.
On the other hand, many practical systems can be described as switched systems, such as vehicle control systems, chemical processes, circuit and power systems etc. By combining adaptive control mechanism, approximation-based techniques and backstepping approaches, switched systems have been investigated a lot in the literature [23] - [28] . In [23] , the problem of tracking control for nonlinear systems with arbitrary switchings is investigated. In [24] , neural control is combined with adaptive control schemes for switched uncertain nonlinear systems. In [26] , prescribed performance is introduced for switched nonlinear systems. The problem of adaptive fuzzy tracking control for switched nonlinear systems is studied in [27] . Note that all the results stated above are under an ideal assumption that switchings between controllers and systems are synchronous, which is hard to satisfy for practical systems. When systems and controllers communicate via communication channels, it usually takes some time to identify the active subsystem before switching from one controller to another. Some results related to asynchronous switching have been presented in [29] - [31] .
As is well known, in practical engineering systems, faults of various control components such as sensor, actuator and process components often occur, which always leads to poor and intolerable performance or even destroys the stability of systems. To compensate the effects of faults and guarantee the stability and performance of systems, many valuable results have been proposed [30] - [35] . Roughly, these results can be classified into two categories: passive approach and active approach. Passive approaches [32] , [33] , [35] use robust control theory to deal with faults where unchangeable controller parameters are designed for both fault-free situations and faulty situations. Though passive controllers are easily to design, only worst-case faults are considered. On the other hand, active methods can adjust controllers on line such that faults can be compensated actively. A number of active fault tolerant control schemes have been proposed in [12] , [34] , and [36] .
In this paper, the problem of adaptive tracking control is investigated for nonlinear systems with asynchronous switching and actuator faults. The states of considered systems are unmeasurable, RBFNN is utilized to approximate uncertain nonlinear functions, and a time-schedule state observer is designed to estimate states. A command filter method is introduced to treat the issue of explosion of complexity in traditional adaptive backstepping control schemes. Through combing Lyapunov stability theorem and adaptive control mechanism, an active fault tolerant controller is designed, which ensures that the closed-loop system is stable with tracking errors converging to a small neighborhood of origin. Compared with existing literatures, the main contributions are listed as follows: (i) A time-schedule state observer is designed to estimate unmeasurable states of switched systems under asynchronous switching; (ii) Time-schedule Lyapunov functions (TSLFs) are constructed to analyze the stability under asynchronous switching, based on which an active fault-tolerant controller is designed; (iii) Adaptive laws subject to delta function are designed, which can guarantee continuous adaptive parameters during persistent switching. The rest of the paper is organized as follows. In Section II, some preliminaries and the problem formulation are presented. The adaptive control design schemes and stability analysis are proposed in Section III. A simulation example is studied in Section IV, which verifies the main results proposed. Some conclusions are given in Section V.
Notation: Given a matrix X , X T denotes its transpose. X > 0 and X < 0 denote that X is positive definite and negative definite, respectively. sgn(·) is the sign function. diag{· · · } is a block-diagonal matrix. | · | is the absolute value. He(X ) = X + X T .I m denotes an identity matrix of m dimension .
II. PROBLEM FORMULATION AND SOME PRELIMINARIES A. PROBLEM FORMULATION
Consider the following multiple-input single-output switched nonlinear system     ẋ
where u = [u 1 , . . . , u m ] T ∈ R m and y ∈ R are system output and control input, respectively.
. . , N } is switching signal which implies the kth subsystem is active, N is the number of subsystems. d k,i (t) is external disturbance input which satisfies |d k,i (t)| ≤d k,i ,d k,i is an unknown constant. Only output y is assumed to be available. The switching sequence can be expressed by
where t 0 is initial time, t l is lth switching instant.
Lock-in-place [34] actuator faults are considered in this paper, where control input u(t) can be denoted by
where
denotes the active proportion of actuators when loss of effectiveness occurs, 0 < ρ j < 1, ρ j = 1 means that jth actuator is fault-free. π = diag{π 1 , . . . , π m } and π j = 1, if the ith actuator fault is lock − in − place, 0, if the ith actuator fault is loss of effectiveness.
Since switching sequences are assumed to be unknown in this paper, a device is needed to activate subsystems, which results in switching delay τ l [37] . Thus, switching lawσ (t) is set toσ
and switching sequence is generated byσ (t), which is denoted as
T k l which means that there exists mode-dependent dwell time (MDDT) between two consecutive switching. Assume that t 0 = t 0 and for the analysis of stability, let 0
Based on above statements, we can rewrite system (1) as
The main task of this paper is to design an adaptive faulttolerant controller based on neural network for switched nonlinear systems, such that the closed-loop system is bounded VOLUME 5, 2017 with tracking error converging to a small neighborhood of origin in spite of asynchronous switching and actuator faults.
For later developments, the following assumptions and lemmas are presented.
Assumption 1: Reference signal y r is sufficiently smooth function of t, y r andẏ r are bounded, i.e., there exists a compact set R ∈ R 2 , such that (y r ,ẏ r ) T ∈ R , where
and Y R > 0 is a positive constant. Assumption 2: Function f i satisfies the global Lipschitz condition, i.e., there exists a constant L i such that
Remark 3: Assumptions 2 implies that functions f i , i = 1, 2, · · · , n are all bounded, which is common in practice, for example, signals such as velocity and force etc all satisfy this assumption.
Lemma 4 (Projection Lemma): Given a symmetric matrix ∈ R n×n , and two matrices M and H of column dimension n, there exists a matrix F satisfying
if and only if the following two inequalities hold simultaneously
where N M and N H denote arbitrarily bases of null space of M and H , respectively.
B. FUNCTION APPROXIMATION USING RBFNN
For an unknown continuous function g(x) : x → R, it can be approximated on a given compact set x → R q with arbitrary accuracy using RBFNN [38] , [39] , i.e.,
where x ∈ ⊂ R q is input vector, q ≥ 1 is a positive integer. φ ∈ R N is a weight vector, N is node number of the neural network (NN) which satisfies N > 1, and ψ(x) = [ψ 1 (x 1 ), . . . , ψ N (x q )] ∈ R N , ψ l is the radial basis (Gaussian) function which is
where l = 1, . . . , N , c l is the width of basis functions, b l ∈ R q is the center of basis functions, and (x) is error of network reconstruction satisfying
where * is an unknown positive constant.
Based on RBFNN approximation, system (6) can be denoted as
T andx is the estimate of x.
C. TIME-SCHEDULE STATE OBSERVER DESIGN
Since asynchronous switching is considered in this paper, based on system (13), we design the state observer as
and
Construct observer error as e = x −x = [e 1 , . . . , e n ] T , combining (13) with (14), we have error systeṁ
We use σ ,σ to denote σ (t),σ (t), respectively in the following subsections. Let time-schedule Lyapunov function (TSLF) be
) and positive definite matrix P k,m satisfying
Then, for system (15), we havė
, and observer (14) with
wherē
and βk is defined under (16),Pk (t) is defined asLk (t) with Lk ,m being replaced by Pk ,m (m = 1, 2). Proof: For t ∈ [t l ,t l ), based on (15) and (16), it follows thaṫ
note that P k (t) > 0, applying Young's inequality [40] and Assumption 2 yields
where G pk (t) is defined similarly as P k (t). Then, (24) yieldṡ (17) and (18), we havė
combining (19) , (22) and (26), we have
and k,k (t) < − k,0 (t). Combined with (26), we havė
Similarly, for t ∈ [t k , t k+1 ), from (20), we havė
This completes the proof. Remark 6: For the analysis of error system (15), we divide time-schedule Lyapunov matrix P k (t) into three parts over interval [t l , t l+1 ) in (17) . Lyapunov matrices P k,m is designed to satisfy P k,0 < P k,1 which guarantees that the TSLF is convergent during interval [t l ,t l ), and P k,1 < P k,2 is satisfied to guarantee that Lyapunov function does not increase at switching instants.
III. FAULT TOLERANT CONTROLLER DESIGN
In this section, based on Lyapunov stability theorem and adaptive backstepping control technique, an adaptive fault tolerant control scheme is designed such that the closed-loop system is stable with the tracking error converging to an adjustable neighborhood of origin in spite of asynchronous switching and actuator faults.
Firstly, introduce command filteṙ
where ς > 0, > 0 are design parameters andα i,
where i = 2, · · · , n and z i is tracking error. We use the following signals w i to eliminate the errorα i,1 − α k,i−1 resulted from the command filters.
where ck ,i is design parameter. From [41] , it can be concluded that w i is bounded if
To analyze the stability, let k = σ ,k =σ , then, define a virtual control function αk ,i and an adaptive lawsφ p,i as
Remark 7: From (35), it can be seen that adaptive parameterφ p,i is a continuous piecewise differentiable function which is defined in [0, ∞). Previous estimation information can be used as an initial estimate of adaptive parameters at next instant such thatφ p,i can be used to estimate φ p,i .
The adaptive fault tolerant control (FTC) law and parameter update law are given as follows:
where κ is a constant,ι is the estimate of
Then, we can obtain
and ι 2j = 0 for j = {1, . . . , m}\Q.
Step 1: From (13) and (35), the time derivative of s 1 can be obtained aṡ
The first-order derivative of V k,1 iṡ
From Young's inequality [40] , we have
Substituting (42), (43) into (41) yieldṡ
Combining (32), (35) and above inequality, we havė
Step i(2 ≤ i ≤ n − 1): From (14), (32) and (35), we have thaṫ
Take first-order derivative of
Applying Young's inequality, we have that
Then, we havė
Combining with (32) and (35), we havė
Step n: Similarly, the first-order derivative of s n iṡ
Consider Lyapunov candidate function
Substituting (50) into (49) results iṅ
Let V k = V k,n , from above statements, the first-order derivative of V k iṡ
, κ}, and
Integrating over [0,t] gives
which means that e i , s i , φk ,i , ι are bounded. Summarize the above statements, we have the following theorem.
Theorem 8: Consider switched nonlinear systems (1) with actuator faults (3) and asynchronous switching law (4). Under Assumptions 1-2 and bounded initial conditions, the proposed adaptive fault tolerant control law (37)- (38) , together with virtual control laws (33) , (34) and updated laws (35) , (36) , guarantee that all the signals in the closed-loop system are semi-globally uniformly ultimately bounded with tracking errors converging to an adjustable neighborhood of origin, in spite of asynchronous switching and actuator faults. 
IV. SIMULATION EXAMPLE
In this section, the proposed approach is applied to a continuous stirred tank reactor (CSTR) model, which verifies the approach proposed in this paper. Example 9: Consider the following CSTR system which is molded as a switched nonlinear system [42] :
Through appropriate coordinate transformation and smooth feedback, the above system can be denoted aṡ where f 1,1 = 0.5x 1 ,f 1,2 = 2x 1 ,y = x 1 , u = [u 1 u 2 ] T , S 1 = y − y r , and reference signal y r = sin(t). The switched signal is given in Fig. 6 . Let controller parameters be lk ,1 = 2, lk ,2 = 2, ω = 1, ι = 1, ck ,1 = 10, ck ,2 = 15, γ 1 = 2, γ 2 = 2, σk ,1 = 4, σk ,2 = 4, g = [1 1] T , γ = 1, κ = 1,k ∈ {1, 2}. Set MDDT T 1 = 10, T 2 = 20, switching delays τ 1 = 2, τ 2 = 3. The initial condition of state is set to be [x 1 (0), x 2 (0)] T = [0.2, 0] T , and the rest initial values are set to be zeros. The actuator faults are considered as: u 1 loses 40% of its effectiveness from t = 50s, and u 2 is stuck at u 2 = 1.5 from t = 50s.
Output y, desired reference signal y r and tracking error z 1 are shown in Fig. 1 , from which it can seen that output y(t) can track the reference signal with tracking error con-verging to a small neighborhood of origin. The trajectories of adaptive parametersφk ,1 andφk ,2 are shown in Fig. 2 and Fig. 3 , respectively. The trajectories of virtual control laws αk ,1 and αk ,2 are shown in Fig. 4 , while Fig. 5 shows the trajectories of actuator faults u 1 , u 2 and control law v i , and Fig. 6 shows the switching law σ (t) andσ (t). From Figs. 1-6 , it can be concluded that the closed-loop system are stable with all the signals being bounded, in addition, the output y(t) tracks the reference signal effectively.
V. CONCLUSIONS
In this paper, the asynchronous adaptive fault-tolerant control problem is studied for a class of switched nonlinear systems. RBFNN is used to approximate uncertain nonlinear functions, a time-schedule state observer is designed to estimate states. In addition, command filter is introduced to avoid repeated differentials, while the continuity of adaptive parameter is guaranteed by constructing an adaptive law using delta functions. By the aid of Lyapunov stability theorem and backstepping technique, an adaptive fault tolerant controller is designed to ensure that the overall system is stable. Finally, the effectiveness of the proposed approach is verified by a simulation example. In the future work, we will study the fault-tolerant control problems for switched nonlinear systems with both faults and system uncertainties.
